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We report combined high sensitivity dielectric constant and heat capacity measurements of pure
solid N2 in the presence of a small external ac electric field in the audio frequency range. We have
observed strong field induced aging and memory effects which show that field cooled samples may
be prepared in a variety of metastable states leading to a free energy landscape with experimentally
“tunable” barriers, and tunneling between these states may occur within laboratory time scales.
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The interplay of geometric frustration and strong
ferromagnetic as well as antiferromagnetic interactions
in magnetic systems such as Gd3Ga5O12, Y2Mo2O7,
Ho2Ti2O7 and SrCr9pGa12−9pO19 with p ≈ 0.9 have
been the subject of intense interest [1–5]. In these sys-
tems, frustration is caused by competition between near-
est neighbor exchange interaction which leads to macro-
scopic degeneracies and can lead to a variety of new phe-
nomena at low temperatures including spin glasses, spin
liquids and magnetic analogs of ice. However, a good
understanding of these systems is hindered by the fact
that these systems are highly complicated, and the in-
teractions are often complex. In the present work we
show that there exists a simple electrical analog of such
systems, namely pure solid N2, where the hcp lattice ge-
ometry at temperatures above Tαβ is incompatible with
the symmetry of the interactions and the resulting geo-
metrical frustration destroys the long range orientational
order favored by the electric quadrupolar interactions be-
tween molecules. There are several unique features that
make solid N2 an ideal system to study the interplay of
geometric frustration and interactions: (i) It is a simple
system with well understood molecular interactions [6,7].
(ii) Solid N2 undergoes structural transition from hcp to
fcc at Tαβ which significantly lowers the geometric frus-
tration; this gives us the unique opportunity to study the
effects of geometric frustration by comparing the system
in the two geometries. (iii) As we will show in the present
work, but unsuspected previously, the system can be ma-
nipulated to become trapped in a variety of metastable
states by cooling it in a small ac electric field in the audio
frequency range. (iv) The time scale involved for the sys-
tem to tunnel between these trapped macroscopic states
can be several hours (short compared to silicate glasses),
which allows for the possibility of studying the nonequi-
librium behavior including aging effects in the labora-
tory [8,9]. (v) It is easy to increase the disorder by small
amounts at a time by replacing some of the quadrupolar
N2 molecules by spherical Ar atoms [6,7]. This allows
one to explore the interplay of disorder and frustration
along with interactions; these studies will be reported
elsewhere.
It is generally believed that the orientational ordering
in N2 is nucleated at a temperature above Tαβ ∼36 K al-
though no experiment has indicated the temperature at
which this ordering begins [7]. The high temperature hcp
or β-phase does not support long range orientational or-
der but there can still be some short range local ordering.
In this phase, N2 is known to show hindered rotation due
to the incompatibility between the lattice and the molec-
ular sizes resulting in a complex free energy landscape.
Recently we showed that the dielectric constant (ε(T )) of
pure solid N2 exhibited unexpected hysteresis in ε(T ) in
the audio frequency range whenever the sample is heated
above an onset temperature Th ∼ 42 K, in the presence of
the bias electric field [10,11]. However, the significance of
the small external ac field was not obvious. In this paper
we present systematic dielectric as well as high sensitiv-
ity heat capacity data for samples that are cooled either
in the presence or absence of an external ac electric field.
These results show that when field-cooled in a small ac
field in the audio frequency range, solid N2 shows re-
markable glass-like memory and aging effects which are
readily observable within the laboratory time scales. In
contrast, the zero-field cooled samples do not show these
effects.
The dielectric measurements were carried out using a
three terminal ac capacitance bridge having a sensitiv-
ity of two parts per billion [12]. The high sensitivity
heat capacity measurements were carried out using an
advanced dual-slope method [13]. Figure 1 shows the
relative change in ε(T ) in 4.2-55 K range (melting tem-
perature is ∼63 K). Curve (1), taken from ref. 10, shows
the zero-field cooled result. The (lower) family of curves
(2-4) show ε(T ) when the sample is cooled in the pres-
ence of a bias field of 5 kV/m at 1kHz, after warming up
to Th < Tmax < 48 K. The difference in these curves is
mainly due to the final temperature (Tmax) in the above
range from which the sample is cooled. As reported pre-
viously [10,11], once cooled down along any one of these
curves, thermal cycles are completely reversible along the
same curve as long as the highest temperature remains
below Th. The onset of strong hysteresis upon warming
above Th was noted in ref. 10, but the significance of the
field-cooling was not appreciated. In the (upper) family
of curves (5-9), we show the results when the sample tem-
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perature is raised to ∼ 53 K, annealed at 50 < T < 53 K
(for 10 to 12 h.), and then field-cooled in the presence of
the above bias field. The ε(T ) increases sharply, reach-
ing a maximum at ∼ 51 K, and then decreases slowly.
When cooled from this temperature, the warm-up and
cool-down curves are no longer similar even in the α-
phase and are very different from the zero-field cooled
(curve (1)) or other lower family of reversible curves (2-
4). For 4.2 < T < 30 K, the ε(T ) decreases linearly with
T during warm-up cycle, while it increases linearly with
T during cool-down cycle. Also, we have observed spon-
taneous change in ε at various temperatures indicated
by ↓ in Fig. 1. We note that the spontaneous changes in
ε(T ) occur at apparently random temperatures and these
are present in both the α as well as the β-phases but only
during the cool-down cycle. Thus the field cooled sample
becomes trapped in metastable configurations and the
free energy barriers vary from very large for the lower
family of curves to sufficiently small for the upper family
of curves to allow random tunneling to lower states. Re-
markably, the value of Tαβ is the same for all curves to
within 0.1 K although the change in ε(T ) at Tαβ can be
different. If the system is left isolated with the external
field turned off and annealed above Th for several hours
and then cooled, ε(T ) retraces the lowest curve in Fig.
1, independent of the sample history. This shows that
the sample can be brought back to its original state by
appropriate annealing, and that the memory and aging
effects are induced by cooling in the small ac field, and
not due to lattice dislocations or other defects.
When the sample temperature is further raised to ∼57
K, we observed a massive, spontaneous change in ε(T )
(∼ 2.5 × 10−2) at 56.5 K shown in Fig. 2. This temper-
ature is highly reproducible to within 0.1 K for various
samples, though small hysteresis (∼ 1 K) in temperature
is present between warm-up and cool-down cycles (not
shown). No anomaly near this temperature has been ob-
served in previous experiments, either in dielectric mea-
surements at microwave frequencies [14] or in heat ca-
pacity measurements [7]. The fact that such a signifi-
cant transition has not been observed before prompted
us to suspect that the transition may occur only in the
presence of the audio frequency electric field. However,
because the dielectric measurements always involve an
external ac field, and the bias field itself affects the mea-
surement, it is not possible to carry out a true zero-
field cooled dielectric measurements at these tempera-
tures. We therefore carried out very sensitive heat capac-
ity measurements at constant volume [13] for both field
cooled and zero-field cooled samples. Note that, unlike
the previous heat capacity data obtained using adiabatic
methods, our high sensitivity nonadiabatic method re-
vealed, in the absence of any external field (curve (1) in
Fig. 3), a new critical behavior at ∼51 K in the heat
capacity. This critical behavior is in striking agreement
with our dielectric data (inset of Fig. 2). In particular, in
the absence of the external electric field, Cv(T ) retraces
curve (1) in Fig. 3 upon thermal recycling and the gen-
eral behavior of Cv(T ) near 56.5 K agrees very well with
the previously reported values [7]. When a uniform 10
kV/m, 1 kHz field is applied across the sample from 10
K, the difference in Cv(T ) is negligible up to the con-
tinuous transition near 51 K, but significant deviation
from the Cv(T ) of zero-field cooled samples can be ob-
served for T > 51K (see curve (2), Fig. 3). When the
above sample exposed to the external field from 10 K is
cooled down from 60 K and its heat capacity is obtained
once again during the warm-up cycle (while leaving the
field on through out), the observed Cv(T ) (curve (3), Fig.
3) is larger than that of zero-field cooled sample in the
α as well as β-phases well above the sensitivity of our
apparatus. It should be noted that the structural tran-
sition as well as the new continuous transition at ∼51
K remain the same independent of the field. The data
clearly shows that in the field cooled samples, there exits
a sharp time-dependent rise in Cv(T ) near 56.5 K (in-
dicated by ↑) which finally gives rise to a peak at this
temperature. Different curves in Fig. 3 near 56.5 K (in
curves (2) and (3)) obtained with 3 h. intervals indicate
the slow thermal evolution of Cv with time. (In contrast,
our dielectric data (Fig. 2) shows rapid change in ε at
this temperature.) The absence of a peak in Cv for the
zero-field cooled sample (curve (1), Fig. 3) near 56.5 K
indicates that the observed anomaly at 56.5 K is due en-
tirely to the external electric field. Comparison of curves
(1) and (3) clearly demonstrates the strong effect of the
external ac field on the thermodynamic behavior of solid
N2.
We have carried out several dielectric measurements
to determine the dependence on excitation field strength
and frequency for which solid N2 shows this remarkable
field-induced nonequilibrium behavior. Several samples
were initially zero-field cooled down to 4.2 K, carefully
annealed at 41.5 < T < 43 K for 6 to 8 h., and then
annealed once again at 50 < T < 53 K for 10 to 12 h.
at various external field strengths and frequencies. Af-
ter cooling the samples to 4.2 K, a standard 100 V/m
bias field at 1 kHz was applied to obtain the warm-up
ε(T ) data in the α-phase for excitation field strengths <
100 V/m and frequencies > 20 kHz. For other excita-
tion field strengths and frequencies, the bias field and
the excitation field are the same. This particular se-
quence is followed because the ac capacitance bridge has
the required sensitivity only for bias fields larger than
100 V/m, and in the audio frequency range [12]. Also,
as pointed out previously [10], once the sample temper-
ature is below Th, the bias field has no observable ef-
fect on the nonequilibrium behavior (and hysteresis) of
the samples. From these experiments we observed strong
field-induced nonequilibrium behavior for external elec-
tric fields stronger than ∼20 V/m (peak-to-peak). The
ε(T ) curves of the samples field cooled in fields stronger
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than 20 V/m are very similar to those shown in Fig. 1.
For dc 1 kV/m as well as ac 2 V/m field cooled sam-
ples, the ε(T ) is only slightly different from the zero-field
cooled case (not shown). In particular we do not ob-
serve spontaneous and random jumps in ε(T ) and linear
temperature dependence at these temperatures, which
characterize the nonequilibrim nature of the field cooled
samples. To find out the upper limit of the frequency
of the electric field for which we observe the nonequilib-
rim behavior, we field cooled the sample in 5.2 kV/m, 90
MHz external uniform field. We observed no spontaneous
and random jumps in ε(T ) for this sample, but the small
hysteresis is still present and the ε(T ) curve is close to
that of the zero-field cooled sample. This indicates that
the glass-like states can be excited only at low frequen-
cies extending up to perhaps hundreds of kHz and for
field strengths greater than ∼20 V/m. This could be one
of the reasons for the failure of the previous microwave
measurements [14] to observe the remarkable effect of the
external electric field on the thermodynamics of solid N2.
We would like to point out that while for T < 56.5 K
the field cooled β-phase N2 shows remarkable aging be-
havior, for 56.5 < T < TM , where lattice defects may be
dominant due to the proximity to melting, ε(T ) is linear
as well as reversible with thermal recycling (see Fig. 2).
Here we would like to emphasize that the hysteresis val-
ues shown in the various plots are accurate to within 1%,
and for zero-field cooled samples, we observed no hystere-
sis or shift in the absolute value of ε at 4.2 K even after
annealing the sample for long time (few hours) at 50 to
55 K (without any external field). This shows that the
lattice defects present near the melting temperature can
not be the driving mechanism for the aging and memory
effects. The external electric field indeed is responsible
for the memory effects observed in solid N2 whose origin
is not understood.
The strong effect of cooling in the presence of a small ac
field in the audio frequency range at such high tempera-
tures is puzzling. The audio frequency field corresponds
to a temperature scale of a few µK, and the strength
of the electric field coupling to the molecular polariz-
ability is negligible compared to the dominant electric
quadrupole-quadrupole (EQQ) interactions. Clearly the
process of orientational ordering is disrupted by the pres-
ence of the field, although the field itself is not strong
enough to make a difference if the system is already or-
dered (uniform field has no effect on EQQ). The pres-
ence of short range ordering in the β-phase along with
the strong effect of field-cooling therefore implies that
the formation or growth of these clusters is inhibited by
the presence of the field.
The geometrical frustration generated by the symme-
try incompatibility of local and extended degrees of free-
dom results in a thermodynamically large number of ac-
cessible ground states. This macroscopic ground state de-
generacy presents a new paradigm with which one views
condensed matter systems that form glass-like states.
The characteristic glass dynamics and aging effects re-
sult from the relaxation among a large number of nearly
degenerate ground states. In the present case where in
the absence of substitutional disorder the frustration is
due entirely to the symmetry properties of the interac-
tion, the application of an applied electric field, although
small, can perturb the energy landscape of the interact-
ing molecules and result in the field-cooled memory ef-
fects. Thermal cycling to temperature where the relax-
ation rate becomes sufficiently rapid is required to erase
the memory effect. In the case of pure N2, typical energy
spacings are of the order of ∼1µK [15,16] (the ortho-para
spacing for local ordered clusters) and ac fields of the
order of 10 kHz are therefore most effective in creating
transfers among the energy landscape profile. As a result
of these transitions, a cluster of orientatinally ordered
molecules will find the molecular orientations slightly
changed from the locked ordering directions leading to
a partial destruction of the ordering, provided the clus-
ters are small enough. As observed, the effect is absent
for rf as well as pure dc electric fields. Upon field-cooling
from Tmax > 51 K where large ordered clusters are not
present, the ac field modifies the landscape of metastable
states and can generate spontaneous tunneling to lower
energy states (e.g., curve (8) in Fig. 1). However, when
we begin the field-cooling from Tmax < 51 K where a
broad distribution of ordered cluster sizes already exists,
the small changes in the orientation of the molecules can
only affect the small clusters (giving rise to hystersesis
only). Thus the system can be prepared in a variety of
trapped metastable states (with small differences in the
ground state energies but high barriers), leading to a free
energy landscape with experimentally tunable (large or
small) barriers, by cooling from different temperatures in
the presence of an external electric field. In conclusion,
solid N2 provides a unique opportunity to quantitatively
address a variety of questions in the rapidly evolving area
of aging and nonequilibrium phenomena in glass-like ma-
terials. This work is supported by a grant from the Na-
tional Science Foundation No. DMR-962356.
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FIG. 1. ε(T ) of solid 14N2 at 5 kV/m and 1 kHz excita-
tion field relative to the value at 4.2 K on curve (1) (ε′).
ε′ = 1.4255. Lower family of curves (1-4) show the gradual
increase in hysteresis with the highest temperature (Tmax <
51 K) reached along each curve. Upper family of curves (5-9)
are obtained after annealing at 50 < T < 53 K for 10 to 12 h.
→ along each curve indicates the direction of the change in
T and the indices b and e indicate the begin and end respec-
tively of each curve. ↔ indicates the reversible change in ε
with thermal recycling below Th. ↓ among the upper family
of curves indicates the spontaneous change in ε at random
temperatures indicating the nonequilibrium dynamics in the
sample.
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FIG. 2. ε(T ) of solid 14N2 in the β-phase. Above the sharp
peak in ε at 56.5 K, ε(T ) is reversible with thermal recycling
up to 61 K indicating that lattice defects may not be the
driving mechanism for the nonequilibrim dynamics observed
at lower temperatures. Inset shows ε(T ) near 51 K in greater
detail.
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FIG. 3. Heat Capacity (Cv) of ∼ 0.36 mole solid
14N2.
Different curves near 56.5 K (in curves (2) and (3)) obtained
with 3 h. intervals indicate the slow thermal evolution of Cv
with time.
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